The localized surface plasmon resonance (LSPR) effect in metal nanoparticles is important for many applications ranging from detectors and sensors to photovoltaic devices. The LSPR wavelength is sensitive to the shape, size, surface condition, and surrounding environment. Therefore, it is important to compare the optical properties of metal nanoparticles of nominally similar dimensions and external conditions, but fabricated with different techniques. Here, a systematic study of the optical properties of large, periodic arrays (3 Â 3 mm) of cylindrical, gold nanoparticles with diameters ranging from 39 6 4 nm to 167 6 5 nm and a height of 25 6 1 nm is presented. The large arrays allow us to investigate the optical properties using an integrating sphere setup collecting the light scattered and absorbed by the nanoparticles. To the best of our knowledge, such a setup has not been used previously for electron beam lithography (EBL) fabricated samples mainly due the large sample area required. The authors compare our results with relevant literature and find a good agreement, which confirms the expected reproducibility of EBL. Further, the authors compare our absorption and scattering measurements with previous absorption and scattering measurements on large arrays of gold nanoparticles prepared on glass using hole-mask colloidal lithography. Finally, a comparison with simulations using a finite difference time domain software package (Lumerical, Inc.) is presented. The simulation results matches well with experimental results and are also supporting and detailing our comparison with published literature. The authors find a good agreement between the two fabrication methods. The small deviations found can be contributed to differences in the particle size and density distributions. Published by the AVS. https://doi.org/10.1116/1.4994113
I. INTRODUCTION
Over the last years, several studies have been carried out investigating the optical properties of metal nanoparticles. [1] [2] [3] The localized surface plasmon resonance (LSPR) effect can potentially be used in several applications ranging from detectors, sensors, and drugs to photovoltaic devices. [4] [5] [6] Several studies have revealed how minute differences in shape, surface condition, and surrounding environment can have a significant effect on the LSPR wavelength. 7, 8 In this paper, we focus on gold nanoparticles prepared directly on glass substrates using lithography techniques. [9] [10] [11] The advantage of lithography is that the size of the nanoparticles, as well as the spacing between them on the substrate can be well controlled. The disadvantage, particularly for electron beam lithography (EBL), is that it takes a long time to prepare large samples. 12 For this reason, earlier studies of EBL fabricated metal nanoparticles have mostly been carried out on small ensembles, and the optical properties have mainly been investigated using optical microscopes in combination with a spectrophotometer, allowing the nanoparticle light extinction to be investigated. Such an investigation of gold nanoparticles can be found in Refs. 9-11 and 13-18. Furthermore, light scattered by metal nanoparticles can be studied using dark field spectroscopy, which in addition can allow changes in the polarization of light to be studied. 2, [19] [20] [21] Extinction is a measure for the light absorbed and scattered by the nanoparticles. For small particle sizes, absorption is dominant and the extinction spectrum thus gives a direct measure of the LSPR wavelength. However, for nanoparticle sizes above approximately 50 nm, light scattering becomes increasingly important. Hence, for nanoparticles larger than 50 nm, all the scattered light needs to be collected in order to obtain a proper absorption spectrum, that is, the LSPR wavelength. This has been done for gold nanoparticle arrays prepared on glass using hole-mask colloidal lithography (HCL), 11 but to our knowledge, up till now, not for EBL prepared arrays.
II. EXPERIMENT A. Sample preparation
Large area arrays (3 Â 3 mm) of gold nanoparticles were fabricated on glass using EBL (Raith e_Line). Gold is known to adhere quite badly on glass (dielectric materials). However, the use of an intermediate adhesive layer, such as commonly used thin film of titanium, 22 was not desirable as this affects the optical properties. We found that the nanoparticles stuck reasonably well to borosilicate glass microscope coverslips (Thermo Scientific). In order to realize the range of different nanoparticle sizes, a bilayer resist scheme was used. The bilayer scheme used in this work is carried out by first spin coating approximately 70 nm film of a high sensitivity PMMA resist [PMMA 495 K (Microchem 495 K PMMA)]. This was then baked at 175 C for 5 min, followed a) Electronic mail: martin.greve@uib.no by another spin coating of a lower sensitivity PMMA resist [PMMA 950 K (Allresist AR-P 672.02)], and the sample was again baked at 175 C for another 5 min. The higher sensitivity resist ensures a good undercut for the subsequent lift off, and the lower sensitivity a good EBL resolution. A charge dissipating 3 6 1 nm film of chrome was deposited on top of the resist using electron beam evaporation (Temescal FC-2000) . The resists were exposed using a 20 kV acceleration voltage, 20 lm aperture, a working distance of 10.5 mm, and an area dose of 120 lC/cm 2 . For nanoparticle diameters of 72 nm and below, a dot exposure was used instead of area elements, using a dot dose of 0.0045 pC. The chrome layer was removed in a chrome wet etch, and the PMMA was developed by submerging the sample in a standard resist developer (Allresist AR 600-56) for 2 min. A 25 6 1 nm gold film was deposited by means of electron beam evaporation (measured using an ellipsometer (Filmetrics F10-RT). Finally, the PMMA and the excess gold film was removed in a lift of step, by submerging the samples in N-methyl-2-pyrrolidone heated to 80 C for about 30 min. The arrays were carefully rinsed using 2-propanol, and subsequently dried with compressed nitrogen gas. Nanoparticle arrays with diameters between 39 6 4 and 167 6 5 nm and a height of 25 6 1 nm were fabricated. The arrays were arranged in a simple cubic pattern with lattice parameters greater than three times the nanoparticle diameter. A total of six arrays were prepared. Note that the SEM images were obtained without coating the samples with a conductive layer. Imaging of metal structures on insulating substrates can lead to distortion of the measured dimensions through substrate charging; however, by using specific settings in the SEM, true dimensions can be measured and relatively good still images acquired. This is discussed extensively in Ref. 23 . The reason for not to coat the samples for SEM imaging is that the additional coating clearly would affect the optical properties, and it is desirable to keep the samples for future reference. To ensure reliable measurements, the SEM image settings used were a 2.5 kV beam with 10 lm aperture and a working distance of 10 mm. 23 Table I shows the sample overview presenting the actual versus targeted diameters, based on image analysis of on average 20 nanoparticles from each array. Note that the shape of the 167 nm nanoparticle (sample I) is found to be slightly elliptical, which causes the error bars to become relatively large.
B. Optical measurement setup
The large nanoparticle arrays fabricated in this work enabled us to investigate the optical properties using an integrating sphere setup (Ocean Optics ISP-50-8) and an extinction measurement setup (see Fig. 1 ). In the integrating sphere setup, the reflected and forward scattered light can be measured simultaneously over large solid angles. It consists of two spheres, with the sample sandwiched in between the spheres. The sphere walls are coated with a material yielding a Lambertian surface, having a reflectivity of greater than 98% for all wavelengths of interest. Light is incident upon the sample at 8 , and the uniform illumination (radiant flux) of the integrating spheres is measured using an optical fiber attached to the measurement port, yielding the spatial light-sample interaction. It should be noted that phase and polarization information is lost. To separately measure the sample extinction, a different setup using optical fibers for illuminating and collecting the signal is used [see Fig. 1(b) ]. Since the incident angle of the light in the integrating spheres is not perpendicular to the sample surface, the sample is tilted 8 in the extinction setup so that the different measurements can be compared.
The extinction coefficient (E) can be written as
where S is the scattering coefficient and A the absorption coefficient. The light reflected by the nanoparticles is detected in the reflection sphere, and we refer to this as S R . In the transmission sphere, both the forward scattered light 
where T is the total amount of light detected in the transmission sphere. The light scattered by the sample in all spatial directions is then
Combining this with Eq. (1) the light absorbed by the sample can be found. In order to extract the optical properties of the nanoparticles, the substrate (glass) was measured in the same manner, and its contribution subtracted. It should be noted that we discovered a notably variation in the optical properties between the individual substrates used for the nanoparticles arrays. Therefore, we found that it was crucial to measure the optical properties of the substrate close to the nanoparticle array on the same sample to achieve reliable results.
With the known nanoparticle absorption (A NP ) and (S NP ) constituting the overall nanoparticle scattering, the measurements are normalized to the real nanoparticle cross section, known as the scattering (Q sca ) and absorption efficiency (Q abs ), 24 Q sca ¼ S NP =ðNpðd=2Þ 2 Þ; (4)
where N is the normalized unit cell coverage, and p(d/2) 2 is the cross-sectional area of a cylindrical shaped nanoparticle, where d is the nanoparticle diameter.
The center wavelength of the extinction peak is also important for comparison with the published literature (see Fig. 3 ).
C. Modeling
We used the FINITE DIFFERENCE TIME DOMAIN (FDTD) software package (Lumerical, Inc.) to model the absorption and scattering spectra. A 1200 Â 1200 Â 1200 nm 3 FDTD simulation space with perfectly matched layer (PML) boundaries is used as the simulation space. A 20, 25, or 50 nm high gold disk is placed on a SiO 2 glass substrate in the center of the space. The diameter of the disk is varied between 20 and 200 nm. A light source injects a plane wave from 25 nm above the disk and subtracted 25 nm after it has passed the disk, leaving only scattered light past these points. A scattering monitor is placed at 30 nm above and below the nanoparticle to study the near-field of the particle. The monitor is 270 nm wide to completely surround the nanoparticle. Similarly, an absorption monitor is placed between the light source and the nanoparticle, detecting incident light on one side and transmitted and scattered light on the other, giving Those results are of relevance as the method of fabrication (HCL) is different, but the samples are also investigated using integrating spheres, measuring the scattering and absorption efficiency. In the right column, SEM images of a few of the nanoparticles from each sample are shown. Note that the images are captured under charging conditions, as we deliberately did not coat the samples.
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Light absorption and scattering 06G403-3 the net difference, i.e., the absorption. Reflection and transmission of the bare substrate is assumed to be negligible. The mesh size is set to be 3 nm for diameters 200-160 nm, 2 nm for the 150-90 nm diameter, 1.5 nm for 80 nm-60 nm, and 1 nm for 50-20 nm. The different mesh sizes are selected for efficient simulation time with sufficient accuracy. A field time monitor is included to record the time evolution of the electromagnetic fields, to ensure that the fields have enough time to decay before the maximum simulation time is reached. The light source covers wavelengths from 400-to 1050 nm. As no information about polarization can be extracted from the integrating sphere setup, the polarization is not considered in the simulation.
III. RESULTS AND DISCUSSION

A. Optical properties
In Figs. 2(a), 2(c), 2(e), 2(g), and 2(l), the measured extinction, scattering, and absorption of the nanoparticle arrays are presented. The contribution from the glass substrate has been removed by subtracting the corresponding spectrum measured on the same glass substrate, close to the nanoparticles (see Sec. II B). The nanoparticle extinction, scattering, and absorption efficiency spectra (Q ext , Q sca , and Q abs ) are plotted. For each fabricated array, a high magnification SEM image is included. All SEM images are acquired using the same magnification so that the area coverage and nanoparticle spacing can be easily evaluated. Note that the somewhat poor SEM image quality is due to the insulating nature of the substrate resulting in charging effects seen as brightness/contrast variation across the sample. In addition, data from the HCL gold nanoparticle samples presented by Langhammer et al., 11 also studied using an integrating sphere, are included for comparison where a sufficient overlap in nanoparticle sizes are found. We will refer to this paper simply as Langhammer for the rest of this paper. The two samples of Langhammer having a diameter of 38 and 76 nm were sufficiently close to our 39 and 80 nm nanoparticle diameters. These four samples are presented together in Figs. 2(a) and 2(e) . Comparing the results, it is seen that for the 38 nm nanoparticles, Langhammer measures an absorption efficiency which has a broader and slightly red-shifted center wavelength. Langhammer states that the standard deviation of the size distribution for the 38 nm nanoparticles is 20%, much larger than in our experiment, and hence the broader peak. The slight redshift can be explained as a coupling between some of the particles, which will give a shift toward higher wavelengths: To confirm this, we performed an image analysis of the SEM image provided by Langhammer (using the software ImageJ). We found an average particle diameter of 39 nm, a minimum size of 19 nm, and a maximum size of 54 nm. This is in good agreement with what Langhammer states. Based on the area coverage, the average distance between nanoparticles is 115 nm. This is about three times the particle diameter, sufficient to avoid near-field (interparticle) coupling. However, it should be noted that our image analysis revealed that some particles are only 80 nm apart, and for such closely spaced particles, interparticle coupling is expected. 10 The scattering efficiency of Langhammer similarly shows a redshift and is found to have a lower amplitude, as expected for coupled particles. 28 For our 80 nm nanoparticles, we find that the peak is slightly narrower and shifted toward longer wavelengths compared to the 76 nm sample of Langhammer. This is considered a good agreement considering our slightly larger particle sizes, and that Langhammer uses a particle height of 20 nm compared to our height of 25 nm. The standard deviation of the size distribution for the 76 nm sample is stated to be less than 5%, which is slightly smaller than ours. Langhammer does not provide any SEM images of the larger gold nanoparticle samples, so we cannot check for any nearfield coupling effects. However, the experiments do not indicate any. The scattering efficiency shows similar trends, but for our array, the scattering amplitude is higher. Also, we see slightly more scattering at shorter wavelengths.
Focusing on our samples 39, 72, and 80 nm [see Figs. 2(a), 2(c), 2(e)], it is found that the light absorption dominates over scattering. This is expected for particles smaller than 100 nm. 24 The minor rise in absorption efficiency at shorter wavelengths is attributed to interband transitions. Also, it can be seen that the scattering efficiency has some contribution at shorter wavelengths. This is somewhat unexpected as interband transition should only lead to absorption of light. Similar effects can be seen for Langhammer. It is however less pronounced which could be due to a lower signal. We speculate that the particles exhibit an increase scattering efficiency at shorter wavelengths, causing this effect. For the 125 and 167 nm nanoparticle samples [Figs. 2(g) and 2(i)], it is worth noting that the extinction efficiency is seen to broaden for the increasing particle size. The extinction peak wavelength is seen to red shift with increasing particle size as expected for a single particle. 17, 25 The scattering efficiency can be seen to increase and finally becomes dominating. In an array of nanoparticles, near-field and far-field coupling must also be considered to contribute to the optical properties. The interparticle distance is equal to or greater than three times the particle diameter in all of the fabricated samples, which is sufficient to avoid near-field coupling.
10 However, as the particle diameter increases, so does the interparticle distances. For the increasing interparticle distances, far-field coupling will become increasingly evident. For such arrays, the scattered light of the nanoparticles will give rise to additional diffraction effects. 26, 27 This far-field coupling has been shown to alter the measured extinction spectra by shifting the center peak position and its amplitude as a function of the nanoparticle periodicity. 27 For the 125 nm nanoparticle array, this is first of all seen as a broadening of the extinction efficiency. Measuring the nanoparticle absorption and scattering efficiency, this reveals, somewhat surprisingly, that the center wavelengths of the two does not coincide. We try to explain this as follows: first, we consider the absorption spectrum to mainly be a measure of the particle properties and near-field effects, whereas the scattering spectrum is affected by the far-field. The absorption spectrum will therefore exhibit single-particle-like optical properties, for these noninteracting nanoparticle arrays. The scattering spectrum on the other hand will contain the single particle properties, strongly influenced by any far-field effects. This is evident as a blue shifted and broadened scattering spectrum, with respect to the absorption spectrum. Studying the extinction spectrum compares well with the findings of Lamprecht et al. 27 for a interparticle spacing of 450 nm. Bearing the 125 nm sample in mind, one would expect a similar result for the 167 nm nanoparticle array, which turns out not to be the case. The center wavelength of the scattering and absorption spectra does not coincide. The scattering exhibits the expected broad shape, but the absorption is found to be much broader than expected from the above argument. This can likely be explained by the elliptical shape of the 167 nm nanoparticles which will give rise to the much broader absorption peak. Considering the extinction spectra, we can again see that an interparticle distance of about 600 nm should lead to a significant broadening of the LSPR due to far-field interaction.
Overall, the highest scattering and absorption efficiency is found for the 80 nm sample. For the largest diameters [125 and 167 nm, see Figs. 2(g) and 2(i)], both the scattering and absorption efficiency are seen to increasingly broaden. This is caused by the accumulative effect of (1) increasing particle diameter and size distribution and (2) far-field coupling, as discussed earlier.
B. Extinction peaks
As mentioned earlier, most investigations on lithography fabricated metal nanoparticles have been focused on measuring the extinction spectra to determine the center position of the extinction peak (the maximum position of the spectrum). In Fig. 3 , we show the extinction peaks obtained in this work together with results previously published in the literature. 11, [13] [14] [15] [16] [17] [18] In addition, we have included new simulation results. The simulated peak position for gold nanoparticles ranging in diameters from 20 to 200 nm is presented for three nanoparticle heights, 20, 25, and 50 nm. Good agreement can be seen for all experimental data included in this work and our simulated results. We find a near linear relationship between the nanoparticle diameter and the LSPR wavelength for the fixed nanoparticle height, where the slope is depending on the nanoparticle height.
IV. SUMMARY AND CONCLUSION
In summary, we have fabricated large arrays of gold nanoparticles by means of EBL with diameters in the range 39 6 4 to 167 6 15 nm and interparticle distances equal to or greater than three times the particle diameter. The optical properties of the arrays were investigated using an integrating sphere setup, which allows us to measure the light absorption and scattering. We compare a set of samples with hole mask colloidal lithography fabricated nanoparticle samples where the optical properties were also studied using integrating spheres. We find a good agreement.
For the larger nanoparticle diameters (125 and 167 nm), the scattered light gives rise to additional diffraction effects due to the increased interparticle distances (grating period).
These effects alter the measured optical properties significantly. However, measuring the absorption and scattering allow us to navigate these unexpected results. We can distinguish far-field effect from the absorption, which shows the expected optical properties of a noninteracting single nanoparticle. Using ordered arrays will give rise to such effects in the far-field, which can be avoided by using nonordered arrays achieved by, e.g., HCL.
Finally, we present extinction measurements as a function of the nanoparticle diameter, which we compare to results on EBL and HCL fabricated nanoparticle arrays already published in the literature. These plots are supported by simulations, which agree well with the experimental results.
